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6 Abstract 
An investigation has been conducted in the Langley low-turbulence pressure 
tunnel to determine the low-speed aerodynamic characteristics of the Wortmann 
FX 66-17AII-182 airfoil as manufactured or. a fiberglass sailplane. The results 
are compared with data for the design coordinates obtained from another low- 
turbulence wind tunnel and with theoretical calculations generated by a viscous- 
flow airfoil computer program. The investigation was performed over a Reyno ds 
number range, based on airfoil chord, of approximately 0.5 x lo6 to 6.0 x 10 
and a Mach number range of about 0.05 to 0.35. Comparison with data from another 
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EXPERIMENTAL AND THEORETICAL LOW-SPEED AERODYNAMIC CHARACTERISTICS 
OF' A WORTMANN AIRFOIL A S  MANUFACTURED ON A FIBERGLASS SAILPLANE 
Dan M. Somers 
Langley Research C e n t e r  
SUMMARY 
An i n v e s t i g a t i o n  was conducted i n  t h e  Langley low-turbulence p r e s s u r e  tun-  
n e l  t o  de t e rmine  t h e  basic low-speed, two-dimensional aerodynamic characteris- 
t i c s  o f  t h e  Wortmann FX 66-17AII-182 a i r f o i l  as manufactured on a f iberg lass  
s a i l p l a n e .  The r e s u l t s  are compared w i t h  data from a n o t h e r  low-turbulence wind 
t u n n e l  and w i t h  t h e o r e t i c a l  c a l c u l a t i o n s  g e n e r a t e d  by a v i scous - f low a i r f o i l  
computer program. The i n v e s t i g a t i o n  was performed ove r  a Reynolds number r a n g e ,  
based on a i r f o i l  c h o r d ,  o f  approx ima te ly  0 .5  x I O 6  t o  6 . 0  x IO6 and a Mach num- 
b e r  range o f  abou t  0.05 t o  0 .35.  
The r e s u l t s  i n d i c a t e  t h a t  maximum l ' f t  c o e f f i c i e n t  decreased w i t h  i n c r e a s -  
i n g  Reynolds number up t o  about  3 .0  x IO', beyond which it i n c r e a s e d  w i t h  
i n c r e a s i n g  Reynolds number. S e p a r a t i o n  occur red  from t h e  t r a i l i n g  edge fo rward .  
Minimum drag  c o e f f i c i e n t  decreased w i t h  i n c r e a s i n g  Reynolds number. Maximum 
l i f t  c o e f f i c i e n t  i n c r e a s e d  w i t h  i n c r e a s i n g  Mach number whereas minimum drag 
c o e f f i c i e n t  remained e s s e n t i a l l y  c o n s t a n t .  Comparison w i t h  da ta  o b t a i n e d  from 
a n o t h e r  wind t u n n e l  f o r  t h e  d e s i g n  c o o r d i n a t e s  showed s l i g h t l y  h igher  drag f o r  
t he  manufactured s e c t i o n .  The d e f i c i e n c i e s  were a t t r i b u t e d  t o  d i f f e r e n c e s  
between t h e  c o o r d i n a t e s  of t h e  manufactured and t h e  d e s i g n  s e c t i o n s ,  p r o b a b l y  
caused by f iberglass  c o n s t r u c t i o n  t e c h n i q u e s .  Comparisons w i t h  c a l c u l a t e d  
r e s u l t s  from a v i scous - f low method were good f o r  chordwise p r e s s u r e  d i s t r i b u -  
t i o n s  and l i f t  and pitching-moment c o e f f i c i e n t s  where no s e p a r a t i o n  was p r e s e n t .  
The t h e o r e t i c a l  drag c o e f f i c i e n t s ,  however, were g e n e r a l l y  h i g h  f o r  p o s i t i v e  
l i f t  c o e f f i c i e n t s  and low f o r  n e g a t i v e  l i f t  c o e f f i c i e n t s .  
I N T R O D U C T I O N  
Research on advanced t echno logy  a i r f o i l s  h a s  r e c e i v e d  c o n s i d e r a b l e  a t t e n -  
t i o n  ove r  t h e  p a s t  s e v e r a l  y e a r s  a t  t h e  Langley Research C e n t e r .  The p a r t i c u l a r  
a i r f o i l  tested i n  t h i s  experiment  was selected because o f  t h e  a v a i l a b i l i t y  o f  
o f  s t a t e - o f - t h e - a r t ,  s ing le -e l emen t ,  l amina r  a i r f o i l s  o f  f i x e d  geometry ( i . e . ,  
no f l a p ) .  A f u r t h e r  o b j e c t i v e  was t o  de t e rmine  t h e  effects  o f  p r a c t i c a l  f iber-  
glass c o n s t r u c t i o n  t e c h n i q u e s  on t h e  aerodynamic character is t ics  o f  t h e  air-  
f o i l .  Accordingly,  t h e  wind-tunnel model was b u i l t  t o  c o o r d i n a t e s  measured 
from t e m p l a t e s  o f  a f iberglass s a i l p l a n e  wing. The a i r f o i l  c o r r e s p o n d s  t o  
t he  FX 66-17AII-182 designed by P r o f e s s o r  F. X .  Wortmann o f  t h e  U n i v e r s i t y  
o f  S t u t t g a r t ,  West Germany. The e x p e r i m e n t a l  s e c t i o n  character is t ics  o f  t h e  
FX 66-17AII-182 a i r f o i l  are r e p o r t e d  i n  r e f e r e n c e  1 .  
data from a n o t h e r  low-turbulence wind t u n n e l  and because i t  is  r e p r e s e n t a t i v e  
-. 1 
The i n v e s t i g a t i o n  was performed i n  t h e  Langley low-turbulence p r e s s u r e  
t u n n e l  ( re f .  2 )  t o  o b t a i n  t h e  basic low-speed, two-dimensional aerodynamic c h a r -  
ac te r i s t ics  o f  t h e  a i r f o i l .  The r e s u l t s  have been compared w i t h  data from ref- 
e r e n c e  1 and w i t h  t h e o r e t i c a l  data g e n e r a t e d  by a v i s c o u s ,  s u b s o n i c  a i r f o i l  com- 
p u t e r  program. During t h e  t e s t ,  t h e  Reynolds number, based on a i r f o i l  c h o r d ,  
v a r i e d  from approx ima te ly  0 .5  x IO6 t o  6 .0  x IO6 over  a Mach number r ange  from 
about  0.05 t o  0.35. The geomet r i c  a n g l e  o f  a t t a c k  v a r i e d  from -IO0 t o  15’. 
SYMBOLS 
Values are g i v e n  i n  bo th  SI  and U.S. Customary U n i t s .  Measurements and 
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a i r f o i l  c h o r d ,  cm ( i n . )  
s e c t i o n  chord - fo rce  c o e f f i c i e n t ,  
s e c t i o n  p r o f i l e - d r a g  c o e f f i c i e n t ,  4 a k e  ‘dt d(t) 
p o i n t  drag c o e f f i c i e n t  ( r e f .  3 )  
s e c t i o n  l i f t  c o e f f i c i e n t ,  
s e c t i o n  pitching-moment c o e f f i c i e n t  about  qua r t e r - chord  p o i n t ,  
en c o s  a - cc s i n  CL 
- @  C p ( t  - 0.25) d(:) + ($ C p ( t )  d e )  
-$ cP d ( t )  s e c t i o n  normal-force c o e f f i c i e n t ,  
v e r t i c a l  d i s t a n c e  i n  wake p r o f i l e ,  c m  ( i n . )  
free-stream Mach number 
s t a t i c  p r e s s u r e ,  P a  ( l b / f t 2 )  
dynamic p r e s s u r e ,  P a  ( l b / f t 2 )  
Reynolds number based on free-stream c o n d i t i o n s  and a i r f o i l  chord 
a i r f o i l  abscissa,  cm ( i n . )  
a i r f o i l  o r d i n a t e ,  cm ( i n . )  
angle o f  a t t a c k ,  deg  
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S u b s c r i p t s  : 
1 l o c a l  p o i n t  on a i r f o i l  
m a x  maximum 
min minimum 
T t r a n s i t i o n  
OD free- stream c o n d i t i o n s  
Abbrev ia t ions  : 
L.S. lower s u r f a c e  
LTPT low-turbulence p r e s s u r e  t u n n e l  
U.S. upper s u r f a c e  
MODEL, APPARATUS, AND PROCEDURE 
Model 
The c o o r d i n a t e s  f o r  t h e  wind-tunnel model, which were o b t a i n e d  from tem- 
p l a t e s  o f  a f i b e r g l a s s  s a i l p l a n e  wing, and t h o s e  f o r  t h e  FX 66-17AII-182 a i r f o i l  
designed by Wortmann ( c a l l e d  d e s i g n )  are p r e s e n t e d  i n  t a b l e  I.  The two a i r f o i l  
s e c t i o n  shapes ,  model and d e s i g n ,  compared f a v o r a b l y  a l o n g  t h e  upper  surface 
excep t  n e a r  t h e  l e a d i n g  edge ,  where t h e  mo.del i s  t h i n n e r  t h a n  t h e  d e s i g n .  The 
lower surface of  t h e  model is  c o n s i d e r a b l y  t h i c k e r  t h a n  t h a t  o f  t h e  d e s i g n .  
(See f i g .  1 . )  
The model c o n s i s t e d  o f  a metal s p a r  surrounded by p l a s t i c  f i l l e r  w i t h  f i b e r -  
glass forming t h e  aerodynamic s u r f a c e  and had a chord o f  45.77 cm (18.02 i n . )  
and a span o f  91 .44 c m  ( 3 6  . O O  i n . ) .  Upper- and lower - su r face  o r i f i c e s  were 
l o c a t e d  2.54 c m  (1 .00  i n . )  t o  one s i d e  o f  t h e  midspan a t  t h e  chord s t a t i o n s  i n d i -  
c a t e d  i n  t a b l e  11. Spanwise o r i f i c e s  were l o c a t e d  i n  t h e  upper s u r f a c e  o n l y  t o  
monitor t h e  two-d imens iona l i ty  o f  t h e  f low a t  h i g h  a n g l e s  o f  a t t a c k .  The model 
s u r f a c e  was sanded i n  t h e  chordwise d i r e c t i o n  w i t h  No. 600 d r y  s i l i c o n  c a r b i d e  
paper  t o  i n s u r e  an ae rodynamica l ly  smooth f i n i s h .  
Wind Tunnel 
The Langley low-turbulence p r e s s u r e  t u n n e l  ( r e f .  2 )  i s  a c l o s e d - t h r o a t ,  
s i n g l e - r e t u r n  t u n n e l  which can be o p e r a t e d  a t  s t a g n a t i o n  p r e s s u r e s  from 10.13 t o  
1013 kPa ( 0 . 1  t o  10 atm) wi th  maximum tunnel-empty t e s t - s e c t i o n  Mach numbers o f  
0.46 and . 23 ,  r e s p e c t i v e l y .  T e minimum u n i t  Reynolds number i s  a p p r o x i m a t e l y  
6 whereas t h e  maximum u n i t  Reynolds number is  approx ima te ly  49 x 10 p e r  meter 
0.66 x 10 8 p e r  meter (0.20 x IO' p e r  f o o t )  a t  a Mach number o f  abou t  0 .10,  
3 
6 (15  x 10 per  f o o t )  a t  a Mach number o f  0.23. The t e s t  s e c t i o n  i s  91.44 cm 
(3.000 f t )  wide by 228.6 cm (7.500 f t )  h igh .  
H y d r a u l i c a l l y  a c t u a t e d  c i r c u l a r  p l a t e s  p r o v i d e  p o s i t i o n i n g  and a t t achmen t  
f o r  t he  two-dimensional model. The p l a t e s ,  101.6 c m  (40.00 i n . )  i n  diameter, 
are f l u s h  w i t h  t h e  t u n n e l  sidewalls and r o t a t e  w i t h  t h e  model. The model ends  
were mounted t o  r e c t a n g u l a r  model a t t a c h m e n t  p l a t e s  ( f i g .  2 )  such  t h a t  t h e  cen- 
t e r  o f  r o t a t i o n  of t h e  c i r c u l a r  p la tes  c o i n c i d e d  w i t h  t h e  qua r t e r - chord  p o i n t .  
The g a p s  between t h e  r e c t a n g u l a r  p l a t e s  and t h e  c i r c u l a r  p la tes  were c l o s e d  
w i t h  f l e x i b l e  s l i d i n g  metal seals,  as shown i n  f i g u r e  2 .  
Wake Survey Rake 
A f i x e d  wake s u r v e y  rake ( f i g .  3 )  was c a n t i l e v e r e d  from t h e  t u n n e l  s idewal l  
a t  t h e  model midspan and approx ima te ly  1.6 c h o r d s  downstream from t h e  t r a i l i n g  
edge of t h e  model. The wake rake employed 91 t o t a l - p r e s s u r e  t u b e s ,  0.152 cm 
(0.060 i n . )  i n  diameter, and 5 s t a t i c - p r e s s u r e  t u b e s ,  0.318 cm (0.125 i n . )  i n  
diameter. The t o t a l - p r e s s u r e  t u b e s  were f l a t t e n e d  t o  0.102 cm (0.040 i n . )  f o r  
0.61 cm (0 .24  i n . )  from t h e  t i p  o f  t h e  t u b e .  Each s t a t i c - p r e s s u r e  t u b e  had f o u r  
f l u s h  o r i f i c e s  l o c a t e d  90' a p a r t ,  8 t u b e  diameters from t h e  t i p  o f  t h e  t u b e  i n  
t h e  measurement p l a n e  o f  t h e  t o t a l - p r e s s u r e  t u b e s .  
I n s t r u m e n t a t i o n  
Measurements of t h e  s t a t i c  p r e s s u r e s  on t h e  model s u r f a c e s  and t h e  wake- 
rake p r e s s u r e s  were made by a n  a u t o m a t i c  p re s su re - scann ing  system u t i l i z i n g  
v a r i a b l e - c a p a c i t a n c e  p r e c i s i o n  t r a n s d u c e r s .  Basic t u n n e l  p r e s s u r e s  were mea- 
su red  w i t h  p r e c i s i o n  q u a r t z  manometers. Geometric a n g l e  o f  a t tack  was measured 
by a ca l ibra ted  d i g i t a l  sha f t  encode r  d r i v e n  by a p i n i o n  gear and rack at tached 
t o  t h e  c i r c u l a r  p l a t e s .  Data were o b t a i n e d  by a high-speed d a t a - a c q u i s i t i o n  
system and were reco rded  on magnet ic  tape.  
Tests and Methods 
The a i r f o i l  was tes ted a t  Mach numbers from about  0 .05  t o  0.35 o v e r  an 
ang le -o f -a t t ack  r ange  from - I O 0  t o  15'. Rey o l d s  number ased on t h e  a i r f o i l  
chord was v a r i e d  from approx ima te ly  0 .5  x 10 t o  6 .0  X 10 . k 
For s e v e r a l  t es t  r u n s ,  t h e  model upper s u r f a c e  was c o a t e d  w i t h  o i l  t o  deter- * 
mine t h e  l o c a t i o n  as  w e l l  as t h e  n a t u r e  of t h e  boundary-layer  t r a n s i t i o n  from 
l amina r  t o  t u r b u l e n t .  T r a n s i t i o n  was a l s o  l o c a t e d  by c o n n e c t i n g  a s t e t h o s c o p e  
t o  i n d i v i d u a l  o r i f i c e s  on t h e  model. T h i s  a l lowed a n  o b s e r v e r  t o  s tart  a t  t h e  
l e a d i n g  edge and p r o g r e s s  from o r i f i c e  t o  o r i f i c e  toward t h e  t r a i l i n g  edge. The 
beg inn ing  o f  t h e  t u r b u l e n t  boundary l a y e r  was detected as a n  i n c r e a s e  i n  n o i s e  
l e v e l  ove r  t h a t  f o r  t h e  l a m i n a r  boundary l a y e r .  
The s t a t i c - p r e s s u r e  measurements a t  t h e  a i r f o i l  s u r f a c e  were reduced t o  
s t a n d a r d  p r e s s u r e  c o e f f i c i e n t s  and machine i n t e g r a t e d  t o  o b t a i n  s e c t i o n  normal- 
f o r c e  and chord - fo rce  c o e f f i c i e n t s  and s e c t i o n  pitching-moment c o e f f i c i e n t s  
4 
about  t h e  qua r t e r - chord .  S e c t i o n  p r o f i l e - d r a g  c o e f f i c i e n t s  were computed from 
t h e  wake-rake t o t a l  and t h e  wake-rake s t a t i c  p r e s s u r e s  by t h e  method o f  
reference 3. 
The effect  on s e c t i o n  d a t a  o f  t h e  s t a n d a r d  low-speed wind-tunnel boundary 
c o r r e c t i o n s  ( r e f .  4) i s  shown i n  f i g u r e  4.  The c o r r e c t i o n s ,  approx ima te ly  1 per- 
c e n t  o f  t h e  measured c o e f f i c i e n t s ,  have been a p p l i e d  t o  t h e  d a t a .  
PRESENTATION OF RESULTS 
All t h e  r e su l t s  shown are model smooth. S e c t i o n  c h a r a c t e r i s t i c s  f o r  some 
Reynolds numbers have been o m i t t e d  t o  make t h e  f i g u r e s  more r e a d a b l e .  The p r i n -  
c i p a l  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  are p r e s e n t e d  i n  t h e  f o l l o w i n g  f i g u r e s :  
F i g u r e  
Effect  of a n g l z  of a t t a c k  on chordwise p r e s s u r e  d i s t r i b u t i o n  f o r  
Oil-f low photo r aph  o f  upper s u r f a c e  o f  FX 66-17AII-182 (model)  f o r  
Effect  o f  chordwise p r e s s u r e  d i s t r i b u t i o n  on t r a n s i t i o n  l o c a t i o n  
V a r i a t i o n  of s e c t i o n  lift c o e f f i c i e n t  w i t h  t r a n s i t i o n  l o c a t i o n  . . . . .  
Effect  of  Reynolds number on t r a n s i t i o n  l o c a t i o n  . . . . . . . . . . . .  
Effect  of  Reynolds number on s e c t i o n  c h a r a c t e r i s t i c s  a t  M = 0.10 . . .  
R =  1 . 5 ~  10 and M =  0 . 1 0 . .  . . . . . . . . . . . . . . . . . . .  
1 
. . . . . . . . . . .  R = 1.5 x 10 E , M = 0.15, a = O o ,  and c = 0 . 4  
6 f o r  R = 1.5 x 10 , M 0.15, a = O o ,  and c1 = 0.4 . . . . . . . .  
V a r i a t i o n  of maximum s e c t i o n  l i f t  c o e f f i c i e n t  w i t h  Reynolds number 
V a r i a t i o n  of  minimum s e c t i o n  d r a g  c o e f f i c i e n t  w i t h  Reynolds number 
Effect  of  Mach number on s e c t i o n  charac te r i s t ics  f o r  
V a r i a t i o n  of  maximut s e c t i o n  l i f t  c o e f f i c i e n t  w i t h  Mach number 
V a r i a t i o n  of  minimu! s e c t i o n  d r a g  c o e f f i c i e n t  w i t h  Mach number 
Comparison o f  t r a n s i t i o n  l o c a t i o n  on FX 66-1 AII-182 (model)  and 
Comparison o f  expe r imen ta l  and t h e o r e t i c a l  s e c t i o n  c h a r a c t e r i s t i c s  
a t  M z 0 . 1 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
a t  M z 0 . 1 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6 R = 1 . 5 x 1 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
f o r  R = 1.5 x 10 . . . . . . . . . . . . . . . . . . . . . . . . . .  
f o r  R = 1 . 5 ~ 1 0  . . . . . . . . . . . . . . . . . . . . . . . . . .  
FX 66-17AII-182 ( d e s i g n )  f o r  R = 1.5 x 10 i . . . . . . . . . . . . .  
of FX 66-178 1-182 (model) and FX 66-17AII-182 ( d e s i g n )  f o r  
R = 1 . 5 ~ 1 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Comparison o f  e x p e r i m e n t a l  and t h  o r e t i c a l  chordwise p r e s s u r e  
d i s t r i b u t i o n s  f o r  R 7 1.5 x 10' and M = 0.10 . . . . . . . . . . .  
Comparison o f  gxpe r imen ta l  and t h e o r e t i c a l  t r a n s i t i o n  l o c a t i o n  f o r  
R = 1 . 5 x 1 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Comparison o f  e x p e r ' m e n t a l  and t h e o r e t i c a l  s e c t i o n  c h a r a c t e r i s t i c s  



















D I S C U S S I O N  OF RESULTS 
Experimental  R e s u l t s  
P r e s s u r e  d i s t r i b u t i o n s . -  The effect  o f  a n g l e  o f  a t tack on chordwise p re s -  
s u r e  d i s t r i b u t i o n  a t  a Reynolds number o f  a p p r o x i m a t e l y  1 .5  x IO6 and a Mach num- 
ber  o f  0.10 is  shown i n  f i g u r e  5.  = 0.41, f a v o r -  
able p r e s s u r e  g r a d i e n t s  e x i s t e d  on bo th  s u r f a c e s  t o  abou t  x / c  L'b.35. (See 
f i g .  5 ( c ) . )  The lower l i m i t  o f  t h e  l amina r  low-drag r a n g e  occur red  a t  Q = - 2 O  
(c, = 0.21, where a small p r e s s u r e  peak formed on t h e  lower s u r f a c e  n e a r  t h e  
l e a d i n g  edge. (See  f i g .  5 ( b ) . )  The development o f  t h i s  peak s i g n a l e d  t h e  r a p i d  
forward movement of t h e  t r a n s i t i o n  p o i n t  and t h e  l o s s  o f  a l l  l amina r  f l o w  on 
t h a t  s u r f a c e .  The upper l i m i t  o f  t h e  low-drag r ange  corresponded r o u g h l y  t o  
o = 7 O  
l e a d i n g  edge. (See  f i g .  5 ( g ) . )  T h i s  p r e s s u r e  peak i n c r e a s e d  w i t h  i n c r e a s i n g  
a n g l e  o f  a t tack.  Consequent ly ,  t h e  t r a n s i t i o n  p o i n t  moved r a p i d l y  forward and 
r e s u l t e d  i n  a t h i c k e n i n g  o f  t h e  boundary l a y e r  on t h e  a f t  p o r t i o n  o f  t h e  a i r -  
f o i l .  T h i s  u l t i m a t e l y  l e d  t o  t u r b u l e n t  t r a i l i n g - e d g e  s e p a r a t i o n  ( f i g .  5 ( j)) a t  
o = I O 0 .  The maximum lift c o e f f i c i e n t ,  app rox ima te ly  1 . 4 ,  occu r red  w i t h  com- 
p l e t e l y  a t tached f low ( f i g .  5 ( i ) )  a t  an a n g l e  o f  a t t a c k  o f  about  9'. 
A t  a n  a n g l e  o f  a t t a c k  o f  0' 
(c ,  = 1.21, where a p r e s s u r e  peak appeared on t h e  upper s u r f a c e  n e a r  t h e  
T r a n s i t i o n  l o c a t i o n . -  The mechanism o f  t h e  boundary-layer  t r a n s i t i o n  from 
l amina r  t o  t u r b u l e n t  was a l amina r  s e p a r a t i o n  b u b b l e ,  i d e n t i f i e d  as " t r a n s i t i o n t t  
i n  f igure  6 .  The bubble was caused by a s l i g h t  a d v e r s e  p r e s s u r e  g r a d i e n t  
( f i g .  7 )  immediately downstream o f  t h e  minimum p r e s s u r e  on t h e  a i r f o i l  upper s u r -  
face.  T h i s  s l i g h t  a d v e r s e  g r a d i e n t  was a d e s i g n  f e a t u r e  o f  t h e  a i r f o i l ,  as d i s -  
cussed i n  r e f e r e n c e  5 .  
The v a r i a t i o n  o f  s e c t i o n  l i f t  c o e f f i c i e n t  w i t h  t r a n s i t i o n  l o c a t i o n ,  as  
determined by s t e t h o s c o p e  measurements,  i s  shown i n  f i g u r e  8 .  Because t h e  
s t e t h o s c o p e  is  connected t o  i n d i v i d u a l  o r i f i c e s  on t h e  model,  t h e  t r a n s i t i o n  
l o c a t i o n  can o n l y  be  determined as l y i n g  somewhere between two a d j a c e n t  o r i -  
f i ce s .  I n  f i g u r e  7 ,  t h e  symbols r e p r e s e n t  o r i f i c e  l o c a t i o n s  and t h e  fa i red  
c u r v e s  r e f l ec t  t h e  n a t u r e  o f  the d i sc re t e  measurements t a k e n  w i t h  t h e  s t e t h o -  
s c o p e ,  i n  t h a t  each cu rve  has  been f i t t e d  between t h e  p r e c e d i n g  o r i f i c e  and t h e  
one a t  which t u r b u l e n t '  f l o w  was de tec t ed .  The t r a n s i t i o n  p o i n t  p rog res sed  
s l o w l y  forward w i t h  i n c r e a s i n g  l i f t  c o e f f i c i e n t  on t h e  upper s u r f a c e ,  whereas 
t h e  o p p o s i t e  h e l d  f o r  t h e  lower surface.  
Revnolds number e f fec ts . -  A t  a l i f t  c o e f f i c i e n t  o f  0 . 7 ,  t h e  t r a n s i t i o n  l o c a -  
t i o n  moved forward approx ima te ly  0.05 x / c  on t h e  upper  s u r f a c e  and 0 .0  x / c  on 
t h e  lower s u r f a c e  as t h e  Reynolds number i n c r e a s e d  from about  0 . 5  x 10 t o  about  
1 .5  x 10 . (See f i g .  9 . )  The ra tes  o f  change o f  t r a n s i t i o n  l o c a t i o n  w i t h  l i f t  
c o e f f i c i e n t  were comparable f o r  t h e  two Reynolds numbers. 
t 
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The a n g l e  o f  a t t a c k  f o r  z e r o  l i f t  c o e f f i c i e n t ,  a p p r o x i m a t e l y  -3.7', was 
u n a f f e c t e d  by Reynolds number as shown i n  f i g u r e  10. The l i f t - c u r v e  s l o p e  
i n c r e a s e d  s l i g h t l y  w i t h  i n c r e a s i n g  Reynolds number a t  a c o n s t a n t  Mach number o f  
0 .10 ,  an i n c r e a  e from about  0.11 pe r  deg ree  a t  a Reynolds number o f  approx i -  
was r e l a t i v e l y  i n s e n s i t i v e  t o  Reynolds number v a r i a t i o n .  
ma te ly  0.5 x 10 8 t o  about  0.12 a t  approx ima te ly  3.0 x I O 6 .  The p i t c h i n g  moment 
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A t  a c o n s t a n t  Mach number o f  0 .10 ,  t h e  maximum l i f t  c o e f f i c i e n t  dec reased '  
as Reynolds numb r w a s  i n c r e a s e d ,  from about  1.45 a t  a Reynolds number of approx- 
i m a t e l y  0.5 x I O .  t o  abou t  1.32 a t  a Reynolds number of  approx ima te ly  3.0 x 10 
( f i g .  11 1. A t  Reynolds numbers above abou t  3.0 x I O 6 ,  t h e  m a x i m u m  l i f t  coe f -  
f i c i e n t  i n c r e a s e d  w i t h  i n c r e a s i n g  Reynolds number t o  about  1'.44 a t  a Reynolds 
number o f  approx ima te ly  6.0 x 10 . The i n i t i a l  d e c r e a s e  and l a t e r  i n c r e a s e  o f  
maximum l i f t  c o e f f i c i e n t  w i t h  i n c r e a s i n g  Reynolds number w a s  a t t r i b u t e d  t o  two 
d i f f e r e n t  Reynolds number e f f ec t s  on t h e  uppe r - su r face  b undary l a y e r  F i r s t ,  
as Reynolds number i n c r e a s e d  from approx ima te ly  0.5 x 10' t o  3.0 x I O 6 ,  t h e  t r an -  
s i t i o n  p o i n t  moved forward ( f i g .  9 )  which r e s u l t e d  i n  a l o n g e r  and t h u s  t h i c k e r  
t u r b u l e n t  boundary l a y e r ,  and i n  t u r n  l e d  t o  ear l ie r  s e p a r a t i o n .  S e p a r a t i o n  
occur red  from t h e  t r a i l i n g  edge forward ( i . e . ,  no leading-edge s t a l l ) .  Second, 
i n c r e a s i n g  maximum l i f t  c o e f f i c i e n t  w i t h  i n c r e a s i n g  Reynolds number occur red  
when t h e  forward movement o f  t h e  t r a n s i t i o n  l o c a t i o n  slowed s u f f i c i e n t l y  t o  
a l l o w  t h e  t h i n n i n g  e f fec t  on t h e  t u r b u l e n t  boundary l a y e r  t o  become dominant.  
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A t  a c o n s t a n t  Mach number o f  0 . 1 0 ,  t h e  minimum d r a g  c e f f i c i e n t  d e c r e a s e d  
from 0.0105 a t  a Reynolds number o f  approx ima te ly  0 . 5  x IOg t o  0.0063 a t  a 
Reynolds number o f  approx ima te ly  6.0 x lo6 ( f i g .  121, due t o  t h e  t h i n n i n g  effect  
on t h e  boundary l a y e r .  
Mach number e f fec ts . -  The a n g l e  of a t t a c k  f o r  z e r o  l i f t  c o e f f i c i e n t ,  
app rox ima te ly  -3.7', was u n a f f e c t e d  by Mach number. ( S e e  f i g .  13.)  The. 
l i f t - c u r v e  s l o p e  i n c r e a s e d  modera e l y  w i t h  i n c r e a s i n g  Mach number a t  a c o n s t a n t  
Reynolds number o f  abou t  1.5 x IOk ,  a n  i n c r e a s e  from about  0.10 pe r  degree a t  a 
Mach number of 0 ; 0 5  t o  about  0.11 p e r  d e g r e e  a t  a Mach number of  0 . 2 5 .  The 
p i t c h i n g  moment dec reased  from approx ima te ly  -0.087 a t  a Mach number o f  0 .05 t o  
about  -0.095 a t  a Mach number o f  0 . 2 5 ,  both a t  a l i f t  c o e f f i c i e n t  of  0 . 7 .  T h i s  
d e c r e a s e  i n  p i t c h i n g  moment occur red  ove r  t h e  e n t i r e  l i f t - c o e f f i c i e n t  r a n g e .  
The maximum l i f t  c o e f f i c i e n t ,  a t  a c o n s t a n t  Reynolds number o f  about  
1 . 5  x I O 6 ,  i n c r e a s e d  from 1.36 a t  a Mach number o f  0 . 0 5  t o  1.52 a t  a Mach number 
o f  about 0 .35 .  (See f i g .  1 4 . )  The r a t e  o f  i n c r e a s e  was approx ima te ly  0.05 i n  
l i f t  c o e f f i c i e n t  p e r  0.10 i n  Mach number. 
A t  a c o n s t a n t  Reynolds number o f  about 1.5 x I O 6 ,  t h e  minimum d r a g  c o e f f i -  
c i e n t  remained e s s e n t i a l l y  c o n s t a n t  a t  about  0.0084 over  t h e  Mach number r ange  
o f  t h e  i n v e s t i g a t i o n  ( f i g .  1 5 ) .  The small d e v i a t i o n s  from t h i s  v a l u e  were a t t r i -  
buted t o  t h e  v a r i a t i o n  o f  wind-tunnel t u r b u l e n c e  l e v e l  w i t h  Mach number. 
Comparison w i t h  o t h e r  d a t a . -  The v a r i a t i o n  o f  s e c t i o n  l i f t  c o e f f i c i e n t  w i t h  
t r a n s i t i o n  l o c a t i o n  a t  a Reynolds number of approx ima te ly  1 . 5  x I O 6  compared 
f a v o r a b l y  wi th  t h e  data f o r  t h e  FX 66-17AII-182 ( d e s i g n )  from r e f e r e n c e  1 .  (See 
f i g .  1 6 . )  It  should be no ted  t h a t  t h e  methods used t o  de t e rmine  t h e  t r a n s i t i o n  
l o c a t i o n s  r e p o r t e d  i n  r e f e r e n c e  1 are more e x a c t  t h a n  t h e  method used i n  t h e  
p r e s e n t  i n v e s t i g a t i o n .  The ra tes  o f  v a r i a t i o n  ag reed  we l l ,  whereas  t h e  a c t u a l  
t r a n s i t i o n  l o c a t i o n s  were forward of t h o s e  from reference 1 .  The t r a n s i t i o n  
l o c a t i o n s  a t  a l i f t  c o e f f i c i e n t  of  0.7 were about  0.04 x / c  forward on t h e  upper 
s u r f a c e  and 0.02 x/c forward on t h e  lower s u r f a c e .  
The a n g l e  of a t t a c k  f o r  z e r o  l i f t  c o e f f i c i e n t  from r e f e r e n c e  1 ,  app rox i -  
mately -4.7', was about  1.0' lower  t h a n  t h e  LTPT d a t a .  (See  f i g .  1 7 ( a ) . )  T h i s  
d i f f e r e n c e  was a t t r i b u t e d  t o  t h e  t h i c k e r  lower s u r f a c e  o f  t h e  FX 66-17AII-182 
(model) which r e s u l t e d  i n  a n  a i r f o i l  w i t h  less camber. The d i f f e r e n c e  was v e r i -  
f i e d  by comparing t h e  two s e c t i o n s  t h e o r e t i c a l l y .  (See f ig .  1 7 ( b ) . )  The l i f t -  
c u r v e  s l o p e s  agreed w e l l .  The drag c o e f f i c i e n t s  were s l i g h t l y  h i g h e r  f o r  t h e  
manufactured s e c t i o n .  The lower drag o f  t h e  d e s i g n  s e c t i o n  was a t t r i b u t e d  t o  
i t s  be ing  t h i n n e r  t h a n  t h e  FX 66-17AII-182 (mode l ) .  Above a l i f t  c o e f f i c i e n t  o f  
approx ima te ly  1 .0 ,  t h e  FX 66-17AII-182 ( d e s i g n )  d i s p l a y e d  s i g n i f i c a n t l y  lower 
drag c o e f f i c i e n t s ,  p r o b a b l y  due t o  t h e  smaller u p p e r - s u r f a c e  leading-edge r a d i u s  
of t h e  FX 66-17AII-182 (model) .  (See f i g .  1 . )  The model w i t h  t h i s  smaller 
r a d i u s  developed a l ead ing -edge  p r e s s u r e  peak ea r l i e r ,  which r e s u l t e d  i n  forward 
movement o f  t h e  t r a n s i t i o n  l o c a t i o n  a t  a lower l i f t  c o e f f i c i e n t ;  t h i s  a l s o  
a c c o u n t s  f o r  t he  lower maximum l if t  c o e f f i c i e n t .  The pitching-moment c o e f f i c i e n t s  
ag reed  w e l l  f o r  t h e  two s e c t i o n s .  
Comparison o f  Exper imen ta l  and T h e o r e t i c a l  Data 
A v i scous - f low a i r f o i l  method ( r e f .  6 )  was used t o  c a l c u l a t e  two chordwise 
p r e s s u r e  d i s t r i b u t i o n s  c o r r e s p o n d i n g  t o  data t a k e n  i n  t h e  c u r r e n t  wind-tunnel 
i n v e s t i g a t i o n .  .The t h e o r y  agreed q u i t e  w e l l  w i t h  experiment  o v e r  t h e  e n t i r e  
chord ( f i g .  181, w i t h  t h e  major d i s c r e p a n c i e s  o c c u r r i n g  a t  l o c a t i o n s  correspond-  
i n g  t o  l amina r  s e p a r a t i o n  bubb les .  
The t h e o r e t i c a l  v a r i a t i o n  of s e c t i o n  l i f t  c o e f  i c i e n t  w i t h  t r a n s i t i o n  loca -  
t i o n  a t  a Reynolds number o f  approx ima te ly  1.5 x 10 compared ra ther  p o o r l y  w i t h  
data t aken  i n  t h e  c u r r e n t  i n v e s t i g a t i o n .  (See f i g .  19.)  The ra tes  o f  v a r i a t i o n  
agreed remarkably well ,  a l t h o u g h  t h e  a c t u a l  t r a n s i t i o n  l o c a t i o n s  were approx i -  
ma te ly  0.10 x/c  forward o f  t h o s e  observed i n  t h e  wind t u n n e l .  The t r a n s i t i o n  
l o c a t i o n s  a t  a l i f t  c o e f f i c i e n t  o f  0.7 were abou t  0.07 x / c  forward on t h e  upper 
s u r f a c e  and about  0.09 x / c  forward on t h e  lower s u r f a c e .  These d i f f e r e n c e s  were 
a t t r i b u t e d  t o  t h e  fact  t h a t  t h e  t h e o r e t i c a l  method does  n o t  model t h e  l amina r  
s e p a r a t i o n  bubb le .  I n s t e a d ,  i t  mere ly  t es t s  t h e  l a m i n a r  boundary l a y e r  f o r  a 
t r a n s i t i o n  c r i t e r i o n ,  and if t r a n s i t i o n  i s  p r e d i c t e d ,  a t u r b u l e n t  boundary-layer  
c a l c u l a t i o n  i s  i n i t i a t e d .  T h u s ,  t he  method p r e d i c t s  t r a n s i t i o n  as o c c u r r i n g  a t  
a spec i f i c  p o i n t  i n s t e a d  o f  o v e r  a d e f i n i t e  l e n g t h  as o c c u r s  i n  n a t u r e .  
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The agreement between t h e o r e t i c a l  and e x p e r i m e n t a l  l i f t  and pitching-moment 
c o e f f i c i e n t s  was e x c e l l e n t  ( f i g .  20) where no s e p a r a t i o n  was p r e s e n t .  The theo-  
r e t i c a l  d r a g  c o e f f i c i e n t s  were g e n e r a l l y  h i g h  f o r  p o s i t i v e  l i f t  c o e f f i c i e n t s  and 
low f o r  n e g a t i v e  l i f t  c o e f f i c i e n t s .  The minimum d r a g  c o e f f i c i e n t s ,  however, 
were comparable.  
SUMMARY OF RESULTS 
An i n v e s t i g a t i o n  was performed i n  t h e  Langley low- tu rbu lence  p r e s s u r e  tun -  
n e l  t o  de t e rmine  t h e  basic  low-speed, two-dimensional aerodynamic c h a r a c t e r i s -  
t i c s  o f  t h e  Wortmann FX 66-17AII-182 a i r f o i l  as manufactured on a f iberg lass  
s a i l p l a n e .  The r e s u l t i n g  data have been compared w i t h  data from a n o t h e r  low- 
t u r b u l e n c e  wind t u n n e l  and w i t h  t h e o r e t i c a l  c a l c u l a t i o n s  g e n e r a t e d  by a v i scous -  
f low a i r f o i l  computer program. The i n v e s t i g a t i o n  was conducted w i t h  Reynolds 
number, based on a i r f o i l  c h o r d ,  v a r y i n g  from a p p r o x i m a t e l y  0.5 x I O 6  t o  
. 
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6.0 x I O 6 ,  and Mach number v a r y i n g  from about  0 .05  t o  0 .35.  
r e s u l t s  were o b t a i n e d :  
The f o l l o w i n g  
1 .  The maximum l i f t  c o e f f i c i e n t ,  a t  a c o n s t a n t  Mach number o f  0 .10 ,  
dec reased  from about 1.45 a t  a Reynolds number o f  approx ima te ly  0.5 x l o6  t o  
6 about 1 .  2 a t  approx ima te ly  3 .0  x 10 . A t  a Reynolds number above about  
3 .0  x lo', t h e  maximum l i f t  c o e f f i c i e n t  i n c r e a s e d  w i t h  i n c r e a s i n g  Reynolds num- 
ber  t o  about 1.44 a t  a Reynolds number o f  a p p r o x i m a t e l y  6.0 x 10 . 
2.  S e p a r a t i o n  occur red  from t h e  t r a i l i n g  edge forward ( i . e . ,  no l e a d i n g -  
edge s t a l l ) .  
3. The minimum drag  c o e f f i c i e n t  d e c r e a s e d ,  a t  a c o n s t a n t  Mach number of 
6 0 .10 ,  from 0.0105 a t  a Reynol s number o f  about  0 . 5  x 10 
o l d s  number o f  about  6 .0  x 10 . 
t o  0.0063 a t  a Reyn- t 
he maximum l i f t  c o e f f i c i e n t ,  a t  a c o n s t a n t  Reynolds number o f  about  
1 . 5  x4;08, i n c r e a s e d  from 1.36 a t  a Mach number o f  0 .05 t o  1.52 a t  a Mach number 
of  about  0.35. 
5. :he minimum d r a g  c o e f f i c i e n t ,  a t  a c o n s t a n t  Reynolds number o f  about  
1 .5  x 10 , remained e s s e n t i a l l y  c o n s t a n t  a t  about  0.0084 between t h e  Mach num- 
b e r s  o f  0 .05 and 0 .35 .  
6 .  Comparison w i t h  d a t a  from a n o t h e r  wind t u n n e l  f o r  t h e  d e s i g n  c o o r d i n a t e s  
i n d i c a t e d  s l i g h t l y  h i g h e r  d r a g  f o r  t h e  manufactured s e c t i o n .  
7 .  Comparisons w i t h  c a l c u l a t e d  r e s u l t s  from a v i scous - f low method were good 
f o r  chordwise p r e s s u r e  d i s t r i b u t i o n s  and l i f t  and pitching-moment c o e f f i c i e n t s ,  
where no s e p a r a t i o n  w a s  p r e s e n t .  The t h e o r e t i c a l  d r a g  c o e f f i c i e n t s ,  however, 
were g e n e r a l l y  h igh  f o r  p o s i t i v e  l i f t  c o e f f i c i e n t s  and low f o r  n e g a t i v e  l i f t  
c o e f f i c i e n t s .  The t h e o r e t i c a l  t r a n s i t i o n  l o c a t i o n s  were approx ima te ly  0.10 
chord forward of  t h o s e  measured i n  t h e  wind t u n n e l .  
Langley Research Cen te r  
N a t i o n a l  Aeronau t i c s  and Space A d m i n i s t r a t i o n  
Hampton, V A  23665 
December 22 ,  1976 
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TABLE I .- AIRFOIL COORDINATES 
[ c  45.7726 cm (18.0207 i n . ) ]  
(a)  FX 66-17AII-182 (model)  
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TABLE I.- Concluded 
( b )  FX 66-17AII-182 ( d e s i g n )  
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TABLE 11.- MODEL ORIFICE LOCATIONS 
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Figure 1.- Comparison of FX 66-17AII-182 (model) and FX 66-17AII-182 (design) coordinates. 
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F i g u r e  2.- Airfoil model mounted in wind t u n n e l .  c 45.77 cm (18.02 i n . ) .  
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F i g u r e  3.- Wake su rvey  r a k e .  c 45.77 cm (18.02 in.). 
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Figure 4.- Effect of standard low-speed wind-tunnel boundary corrections on section data 
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F i g u r e  5.- Effect o f  a n g l e  o f  a t t a c k  on chordwise p r e s s u r e  d i s t r i b u t i o n  
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(b) Q = -2.00'. 
F i g u r e  5. - Continued.  
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5.- Continued.  
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(f) a = 6.07'. 
Figure  5 .  - Continued.  
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Figure  5.- Continued.  
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5.- Continued.  
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(k) a = 11.23'. 
F i g u r e  5.- Continued. 
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Figure 5.- Concluded. 
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Figure  6.-  Oi l - f low photograph o f  upper s u r f a c e  o f  FX 66-17AII-182 (model) 
f o r  R = 1.5 x l o 6 ,  M = 0 . 1 5 ,  Q = O o ,  and c = 0.4. 
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l o c a t i o n  F igu re  7.- Effect of chordwi e 
f o r  R = 1.5 x 10 8 , p r e s s u r e  d i s t r i b u t i o n  on t r a n s i t i o n  M = 0.15, a = O o ,  and c, =: 0 .4 .  
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( a )  R = 0.5  x l o6 ;  M = 0.05. 
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(b) R -- 1.5 x 10 6 ; M = 0.15. 
F i g u r e  8.- Concluded. 
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F i g u r e  9.-  Effect o f  Reynolds number on t r a n s i t i o n  l o c a t i o n .  
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Figure 10.- Effect of Reynolds number on section characteristics at M = 0.10. 
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F i g u r e  12.- V a r i a t i o n  of minimum s e c t i o n  d r a g  c o e f f i c i e n t  w i th  Reynolds number a t  M = 0.10. 
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F i g u r e  16.- Comparison of  t r a n s i t i o n  l o c a t i o n  on FX 66-17AII-182 (model) 




Figure 17.- Comparison of experimental and theoretical section characteristi s 
of FX 66-17AII-182 (model) and FX 56-17AII-182 (design) for R = 1.5  x 10 . s 
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18.- Comparison of expe r imen ta l  and t e o r e t i c a l  chordwise pressure 
d i s t r i b u t i o n s  f o r  R = 1.5 x 10% and M = 0.10. 
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F i g u r e  19.- Comparison of  expe r imen ta l  and t h  o r e t i c a l  t r a n s i t i o n  
l o c a t i o n  f o r  R = 1.5 x 10 8 . 
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Figure 20.- Comparison of experimental nd theoretical section characteristics 
for R -3 1.5 x IO' and M = 0.10. 
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